Abstract-The research on visual analytics for requirements engineering has noticeably advanced in the past few years. For many software projects, requirements management needs an effective and efficient path from data to decision. Visual analytics (VA) creates such a path that enables the user to extract insights by interacting with the relevant information. While various requirements visualization techniques exist, only few have produced end-to-end values to practitioners. In this research proposal, we advance the literature on visual requirements analytics by characterizing its key components and relationships. Such a characterization allows us to not only assess existing approaches, but also develop tool enhancements in a principled manner. We describe our ongoing work on VA and outline future research plans.
I. INTRODUCTION
The most data intensive aspects of software engineering are in requirements engineering (RE) where stakeholders are determined, problems are explored, and goals are defined [1] . The activities performed during RE are crucial to the successful design and implementation of the software projects [2] . RE not only involves the identification of the diverse stakeholder concerns and the complex environmental constraints, crucial decisions are also made in RE when business goals are transformed into technical specifications, when conflicting viewpoints are negotiated into an agreed upon vision, and when revisions can be performed without the risk of incurring the serious time or budget overturns [2] . Thus to achieve success in RE requires a disciplined approach to handle the massive, heterogeneous, and dynamic volumes of information.
Visual Analytics (VA) is defined as the science of analytical reasoning facilitated by interactive visual interfaces [3] . The goal of VA is to turn the information overload into an opportunity. The basic idea of VA is to visually represent the data, allow the user to directly interact with the information, to promptly draw conclusions and gain insights, and to ultimately make optimal decisions [4] . It is important to note that VA is not a separate field of study [4] , but a key enabler of visual data analysis that can support a variety of applications. The domains benefiting from VA include physics, climate, business, health, and many others. VA helps create a path from data to decision in RE. In this process, visualization plays two important roles: 1) it represents the requirements information by highlighting certain constructs and relationships while ignoring others (i.e., visualization is the information); and 2) it serves as an interaction medium to augment requirements analyst's knowledge discovery with advanced computational capabilities (i.e., visualization defines the interaction) [4] .
VA combines the automated analysis techniques with interactive visualizations for an effective and efficient understanding, reasoning, and decision making [4] . The VA process is characterized using interaction between data, visualizations, models, and users in the process of discovering knowledge [4] . The objective of VA is the creation of tools and techniques to enable people to: 1) synthesize information and derive insights from massive, dynamic, ambiguous, and often conflicting data; 2) detect the expected and discover the unexpected; 3) provide timely, defensible, and understandable assessments; and 4) communicate assessment effectively for action [3] [4] .
The rest of the paper is organized as follows. Section II presents our motivating experience of developing VA tools to tackle RE tasks in practice. Section III presents the stateof-the-art approaches for VA in RE. Section IV presents the existing research problem and objectives. Section V presents our proposed solution and contributions. Section VI describes the progress of our work and finally Section VII provides a summary and future work of this research.
II. MOTIVATION: RECVISU AS A VA TOOL FOR RE
The visual support based on cluster hierarchies has shown promising results in requirements tracing. Motivated by the visual supports for risk assessment [5] and requirements tracing [6] , we built the ReCVisu (Requirements Clustering Visualization) tool for assisting the exploratory tasks in RE [7] . The design intent of ReCVisu was to support the exploration of requirements via quantitative visualizations. ReCVisu advances the prior work by adopting two principles: layoutbased clustering [8] and automatic labeling [9] . Layout-based clustering helps to uncover the requirements structure and make navigations easier in the requirements space. ReCVisu is also able to recognize the semantically prominent themes with the help of automatic labeling [9] . We described the key features and functionalities of ReCVisu [7] with the help of an open-source project iTrust (agile.csc.ncsu.edu/iTrust). During the evaluation of ReCVisu, we have worked with several professional requirements/business analysts in the healthcare domain. The purpose was to examine whether or not the analysts could identify reusable requirements for their applications. All the professionals gave the feedback that the clustering-based visual representation was meaningful and insightful. Encouraged by these results, we collaborated with a medium-sized software development center to investigate the possibility of how a VA tool like ReCVisu could assist in requirements management activities in order to support decision making.
III. STATE-OF-THE-ART IN VA FOR RE
A growing body of work on requirements engineering visualization (REV) has emerged in recent years. Cooper et al. [2] reviewed and analyzed the historical trends and introduced a unified RE framework to characterize various REV approaches. They also showed that hierarchical and relational visualizations became more available in RE, whereas quantitative visualization received less attention [2] . Gandhi and Lee [5] proposed an ontology-based active RE (OntoActRE) framework to support risk assessment. Two main visualizations are used: cohesive bar graphs for identifying the potential risks and cohesive arc graphs for visualizing the risk impact. The authors have applied Onto-ActRE to handle over 500 requirements used in a security certification process [5] .
Cleland-Huang and Habrat [6] provided a tool for visualizing candidate traceability link similarity and term contributions. The tool also uses tree-like visualizations to model the link context and allows user to find out the candidate traceability links promptly. These visualization techniques are applied to the Ice Breaker System (IBS) with 202 requirements and 75 classes. The results showed the usefulness of the tool for quickly and accurately determining the candidate traceability links [6] . Karlsson et al. [10] proposed a tool support for large-scale requirements prioritising. The tool has been applied and evaluated in an industrial project at Ericsson Radio Systems AB. The results indicated a pressing need for requirements prioritization [10] . Feather et al. [11] described their experiences of using the Defect Detection and Prevention (DDP) model to help stakeholders make decisions in the early phases of project planning. Simple visualizations such as bar charts, TreeMap, connection graphs and tabular formats are used and proven sufficient. The work shows that no single visualization will serve all purposes; instead they used a mix of several techniques [11] .
Kwan et al. [12] introduced a representation called requirements-centered social network (RCSN). It is used to enhance communication and improve awareness within development teams. The main visualizations used to represent project information are nodes and edges of the social network. RCSN can be created by using information from a project plan and early requirements documents [12] . Mussbacher et al. [13] presented how use case maps (UCMs) could be used to model scenario-based aspects at requirements level where the base model and early aspects are visualized together. Their work also shows that aspect-oriented UCMs do not require new visual notational concepts and the aspect-incorporated UCMs could identify the interaction of requirements [13] .
Wnuk et al. [14] proposed a technique called Feature Survival Charts (FSC) to help stakeholders visualize scoping changes. A set of scope tracking measurements are proposed and evaluated empirically. The FSC technique is evaluated in three large industrial projects and the results confirmed that FSC outperforms previously used table-based text method to track the scope changes [14] . Horkoff and Yu [15] developed a tool, called OpenOME, to help users to mitigate the difficulties in analyzing goal models. Finding starting points for analysis and understanding conflicts are two major challenges, which OpenOME addresses by highlighting roots, leaves and detecting conflicts in a goal model. The results from five studies confirm the usefulness of the OpenOMEs visual highlighting feature [15] .
We plan to complement this literature by providing with the users a VA framework for RE to compare different methods and by developing the tool enhancements in a principled way.
IV. PROBLEM AND RESEARCH OBJECTIVES
Most of the existing VA techniques are still not capable of delivering end-to-end (from data to decision) values to the practitioners. A fundamental challenge here is the lack of understanding about how a VA approach efficiently solves the requirements analyst's needs [16] . Visualizations by themselves are not sufficient; what is also needed is to make the visualizations truly interactive so that the requirement's analyst can directly manipulate them in real time during the decision making process. Thus, there is a need to address the challenge and assess the strengths and weaknesses of the contemporary approaches. We propose a framework that provides built-in analytical reasoning capabilities through interactive requirements visualizations. Our main objectives are: 1) development of an RE-oriented framework; 2) evaluation of existing VA approaches by applying the framework; and 3) advancement of the literature through building VA capabilities that can produce end-to-end values to the RE practitioners [16] .
V. PROPOSED SOLUTION AND CONTRIBUTIONS

A. Visual Requirements Analytics
Based on the existing VA literature we have developed an RE-oriented VA framework [16] that provides the built-in analytical reasoning capabilities via interactive visualization of requirements. The proposed framework is useful to assess contemporary RE-centric VA techniques as well as our own ReCVisu tool. Such an assessment is necessary and helpful to identify the areas for improvement which will ultimately help to create tool enhancements [16] .
1) User: An important observation here is that the user in our proposed framework represents a stakeholder using VA approaches, methods, and tools to tackle RE tasks. In the realworld practice, the VA user could be a requirements analyst, a requirements manager, a data analyst, a project manager, a developer, a tester, a customer, or an end user of the particular software project [16] .
2) Data: For many software projects, requirements are in high volumes and obtained from multiple sources. The first step in our VA framework is to process the raw data and extract the appropriate requirements information for further automatic and visual analysis. A typical preprocessing step includes stemming, stop word removal, and other data cleaning and normalization procedures [16] [17] [18] .
3) Model: With the continuation of the preprocessed data, the model showed in Fig. 1 defines the entities and relationships that could be used to assist the user's specific RE task. The models commonly published about include goals [15] , use cases [13] , features [14] , problem frames [19] , and social networks of stakeholders [12] . The model's primary concern is with the specification of the problem domain ontology and the transformation from data to visualization. The model is implicit in some approaches (e.g., [6] [7] ) where the main requirements constructs are extracted from natural langugage descriptions.
4) Visualization:
Requirements visualization is a type of information visualization (IV) [20] . Unlike the scientific visualization where the data entities are 3D geometries, IV tackles with abstract data consisting of hundreds of dimensions [21] [22] . Aiming for a best visualization could be impractical and counterproductive; instead it is more useful to create an efficient and effective way to analyze data. In this context, VA is more than just a visualization [16] . 5) Knowledge: Visualization itself is not sufficient in order to make decisions. The visual requirements interactions augment the user's knowledge discovery and lead to actionable decision making as shown in Fig. 1 . It is important to note that the VA path from data to decision is not strictly linear but iterative with the feedback loops between and within the stages [16] .
B. Assessing VA Approaches in RE
The main objective of our framework is to assess the existing VA techniques in RE. Five key components representing key areas and their conceptual goals are shown in Fig. 1 . Our framework applies Goal Question Metric (GQM) [23] paradigm to qualitatively assess the visual requirements analytics approaches. In GQM, a goal needs a purpose, issue, object, and viewpoints [23] . In the user goal; there is a need to assess (the purpose) the adequacy (the issue) of user satisfaction (the object) from the VA tool provider's perspective (the view point) [23] .
To list out these operational questions associated with each goal, we conducted a thorough analysis of the requirements engineering visualization literature with a main focus on analytical solutions [16] . After formulating the constructs of GQM, we applied our framework to assess the state-of-the-art VA techniques for RE. We identified a set of representative techniques among which eight were thoroughly examined [16] . Thus our framework, along with its applications, makes a contribution to the literature of VA for RE.
VI. PROGRESS
The following three accepted publications document the progress: [7] [9] [16] . It is summarized in the following section.
First we identified three categories of automated labeling techniques: cluster-internal, differential, and hybrid [9] . Our empirical evaluations showed that differential labeling outperformed the other two categories. Thus, ReCVisu adopts chi-square selection to produce cluster labels in a differential ways [9] . We expanded the existing clustering-based visual support [6] beyond traceability to a wide range of exploratory tasks (e.g., uncovering requirements interaction, navigate in the requirements space, identify crosscutting concerns and requirements evolution) [7] .
In our recent study [16] , we proposed a VA framework for RE and conducted an exploratory study to answer the following questions: 1) what RE tasks are in need of VA support; 2) how VA supports these tasks; and 3) what benefits can be expected. In order to address these research objectives, we improved the ReCVisu tool [7] with more interactive visualization features. The main results of our case study were reported in [16] .
VII. SUMMARY AND FUTURE WORK In this research we proposed a visual requirements analytics framework to characterize and improve the state-of-the-art practice. We also applied the framework to assess existing VA techniques for RE. This helps to identify areas for improvement and therefore we developed ReCVisu+ tool with enhanced and interactive visualizations to support RE practitioners. From our industrial case study, we identified four RE tasks (overview, anomalies handling, utilizing heterogeneity and causality reasoning) that could be supported by VA. It represents how increased interactive visualizations could lead to actionable decision making.
Nevertheless, we believe that VA has a significant value in aiding requirements engineers, analysts, decision makers, and other stakeholders to promptly gain insights from the high volumes of data. The future work includes refinement of the ReCVisu+ design and developing more advanced features to perform causality reasoning. We also plan to conduct more empirical studies to quantify the costs and benefits of VA supports for RE.
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